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Introduction
Approximately 15,000 years ago, lakes in the Great Basin of the western United States achieved their maximum late Pleistocene extents. Two of those lake systems stand out in terms of surface area: Lake Lahontan with a surface area of 22,300 km 2 , and Lake Bonneville with a surface area of 51,300 km 2 (Fig. 1 ). These gigantic fresh-water bodies, which had surface areas approximately 10 times their reconstructed mean-historical values, have been the subject of intensive scientific research since Russell's seminal study of Lake Lahontan (Russell, 1885 ) and Gilbert's seminal study of Lake Bonneville (Gilbert, 1890) . Three main questions have occupied the minds of present-day paleoclimatologists working in these two basins:
(1) what caused the lakes to grow so large, (2) what was the record of lake-level change in each basin during the last glacial period, and (3) were lake-size changes linked to abrupt changes in the climate of the North Atlantic signaled by Dansgaard-Oeschger and Heinrich events (see, e.g., Bond et al., 1993; Dansgaard et al., 1993) . In terms of the process that led to the formation of the pluvial lakes, Antevs (1948) was the first to suggest that the size of the Laurentide Ice Sheet (LIS), combined with the presence of a permanent high-pressure area over it, caused storm tracks associated with the polar jet stream (PJS) to be pushed south of their present-day average path over the northern Great Basin. Atmospheric simulations of the global climate during the last ice age gave support to Antev's hypothesis (e.g., Kutzbach and Guetter, 1986) , and a further test of this hypothesis was conducted by Hostetler and Benson (1990) when they imposed a PJS climatology on the Lahontan Basin. They used a physically based lake model to simulate changes in lake temperature and evaporation that occurred in response to changes in the lake-surface energy balance and in a small set of atmospheric parameters. It was found that a mean-annual cloud cover of 69% (associated with the presence of the PJS) was sufficient to decrease lake evaporation by 42%. This combined with a substantial (3.8 times the mean-historical value) increase in surface-water input to the basin was sufficient to produce the highstand of Lake Lahontan. Benson and Thompson (1987, p. 255) suggested that when the PJS was forced south over the Lahontan and Bonneville basins, it created the thermal instability necessary to trigger lake-effect precipitation, leading to increases in lake size and glacier extent. Somewhat later, Hostetler et al. (1994) , using a high-resolution, regional climate model, nested within a general circulation model, showed that lakegenerated precipitation indeed was a substantial component of the hydrologic budget of Lake Bonneville 18,000 years ago.
The creation of records of change in the size of lakes in the Lahontan and Bonneville basins are of two types: outcrop-based studies from which were created discontinuous envelopes of lakelevel change, and core-based studies which allow continuous or nearly continuous proxy records of relative changes in lake level. The Bonneville Basin has provided detailed 36,000-year, outcropbased records of change in the hydrologic balance of the eastern Great Basin (see e.g., Currey and Oviatt, 1985; Oviatt et al., 1992; Godsey et al., 2005) . Oviatt (1997) produced isotopic, carbonate mineralogy, and TIC records from two short (<2 m) cores that penetrated subaerially exposed deep-water carbonates. Sediments at the two core sites range in age from w20e14.5 ka. To date, Spencer et al. (1984) have been the only researchers to produce a non-outcrop, core-based record of change in the size of Lake Bonneville for the past 30 ka. Age control for this study was extremely limited and age models for the various sediment cores were based on linear extrapolation between three samples: the Mazama and Carson Sink tephras and a piece of wood. Two of the above studies (Oviatt, 1997; Oviatt et al., 2005) attempted to link oscillations in the size of Lake Bonneville with North Atlantic Heinrich and Younger Dryas events.
This paper provides continuous and nearly continuous, corebased records of change in the hydrologic balance of Lake Bonneville for the period 45.1e10.5 ka. The isotopic and carbonate records have a 50-year temporal resolution; i.e., each sample integrates 50 years of record. In addition, PSV-based age models are employed for the hydrologic-balance proxy records created in this study. The PSV concept was first applied in a study of the Wilson Creek Formation at Mono Lake, California, by Benson et al. (1998) . Since that study, one of the authors (Steve Lund) has created master PSV (magnetic inclination, declination, and intensity) records derived from Holocene (0e10 ka) PSV records in North American lakes and from late Pleistocene (10e70 ka) marine PSV records from the North Atlantic Ocean. The marine PSV records are plotted on a calendar time scale based on the GISP2 chronology. The tie to the GISP2 chronology was determined by matching d
18 O and TIC oscillations in marine cores, which reflect the presence of Dansgaard-Oeschger (DO) cycles and Heinrich events, to the GISP2 d 18 O record. This study matched the PSV records from the Bonneville cores to the master marine PSV chronology, allowing assignment of GISP2 dates to the cores, and hence permitting direct comparison of the timing of North Atlantic GISP2 Heinrich and DO events with past variations in the Lake Bonneville hydrologic balance.
Previous studies of Bonneville lake-level variations: 36e10 ka
The outcrop-based record of change in the size of Lake Bonneville (Oviatt et al., 1992 ) includes a rise in lake level beginning about 31.7 AE 0.7 14 C ka (36.0 AE 0.8 ka) and an oscillation in lake level between 21.5 and 20.4 14 C ka (25.8e24.3 ka) (the Stansbury Oscillation).
1 Sack (1999) obtained nine 14 C dates on gastropod shells (7 dates) and wood (2 dates) from sub-Provo deposits on the Provo geomorphic platform. The calibrated ages range from 25.6 AE 0.3 to 1 Calibrations of 14 C ages in this paper were done using CALIB 6.01 (Stuiver et al., 2005) . When a 14 C date without a reported standard error is referenced, an error of AE100 years was assumed for the purposes of the calibration. All calibrated and cosmogenicbased ages are assumed to be calendar years and are denoted by ka; uncalibrated radiocarbon years are reported as 14 C ka. In this paper, ka can refer to either a time interval or a point in time.
21.1 AE 0.3 ka, suggesting that lake level was constrained by the early Provo platform during part of the Stansbury Oscillation. The oldest sub-Provo date is on wood and is considered reliable; however, thin-shelled gastropods can acquire small amounts of modern 14 C in the subaerial zone and may date too young. A piece of charcoal collected from the top of a pre-Bonneville highstand soil has been dated to 15.25 AE 0.16 14 C ka (18.6 AE 0.1 ka) (Oviatt, 1991) , which puts the timing of the highstand sometime after this date. Godsey et al. (2005) Oviatt et al. (1992) and Godsey et al. (2005) suggest that the Bonneville highstand occurred sometime between w18.6 and w17.5 ka ( Fig. 2A) . During the latter part of its highstand, the lake overflowed and incised its threshold near the town of Zenda, lowering its overflow level until it reached a bedrock threshold at Red Rock Pass, at which time it occupied the Provo shoreline (Gilbert, 1890; Malde, 1968) . Light (1996) obtained the earliest date recorded for a Provo shore deposit (14.29 AE 0.12 14 C ka (17.4 AE 0.2 ka) on Stagnicola). The amount of time that the lake remained at or near the Provo level after the highstand is arguable. Oviatt et al. (1992) suggested that Provo shoreline formation ended at about 14 14 C ka (17.0 AE 0.1 ka),
whereas Godsey et al. (2005) argued for an extended occupation of the Provo shoreline, ending at about 12 14 C ka (13.8 AE 0.1 ka) ( Fig. 2A) . Godsey et al. (2005) based their argument on 10 samples with 14 C dates <12.5 ka, having paleo-elevations of 1440 AE 10 m (the approximate paleo-elevation of the Provo shoreline). Nine of the samples were carbonates (ostracodes, gastropods, tufas) and one sample was composed of plant debris, having a date of 12.09 AE 0.30 14 C ka (14.1 AE 0.5 ka). The latter sample was previously obtained by Bright (1966) from sediments in Swan Lake, located in the southern part of Lake Bonneville's outlet. Bright (1966) argued that this sample is from the base of lake sediments that were deposited after Lake Bonneville fell from the Provo level.
In essence, Oviatt et al. (1992) and Godsey et al. (2005) are in agreement with regard to Bonneville levels between 18.6 and 17.0 ka; i.e., Bonneville reached its highstand level at 18.6 ka; it fluctuated near that level until 17.5 ka, at which time it incised its threshold, reaching the Red Rock Pass level at 17.4 ka. Oviatt et al. (1992) believed that the lake stayed at or near that level until 17.0 ka whereupon it fell to near-historical levels by 13.8 ka. On the other hand, Bright (1966) and Godsey et al. (2005) suggested that lake level remained near the Red Rock Pass threshold level until w14 ka. Both lake-level model trajectories are illustrated in Fig. 2A .
Previous correlations of Bonneville levels with North
Atlantic records of abrupt climate change Oviatt (1997) correlated the initiation of the post-Provo recession of Lake Bonneville ( Fig. 2A) , which he placed at 14 14 C ka (17 ka), with the termination of Heinrich event H1 and the Stansbury Oscillation, which he placed between 22 and 20 14 C ka (26.4e23.9 ka), with the termination of Heinrich event H2. He, therefore, concluded that Heinrich events were followed by dry periods in the Bonneville lake basin. However, H1 has a GISP2-based age of 15.8 ka and, therefore, would appear to substantially postdate the Provo recession, given Oviatt's (1997) age determinations. Oviatt et al. (2005) also correlated a ripple-laminated sand unit exposed on the northeast side of the Great Salt Lake with the Gilbert shoreline. Calibrated 14 C dates of plant fragments from this unit ranged in age from 12.9 to 11.2 ka and Oviatt et al. (2005) associated the Gilbert wet event with the Younger Dryas cold interval, which has an ice-core-based age of 12.9e11.6 ka (see, e.g., Stuiver et al., 1995) .
Methods

Sediment coring
The Blue Lake core was taken from geothermally fed wetlands 27 km south of Wendover, Nevada, on the western edge of the Bonneville Basin (Fig. 1) . Blue Lake Marsh is one of the largest (w18.5 km 2 ) wetland areas in the Great Salt Lake Desert. It is fed by upwelling groundwater from two principal spring-discharge areas, Lookout Point and Blue Lake. Lookout Point contains three springs, discharging approximately 11e17 L per second (L/s) from deep Oviatt (1997) , whereas the dashed line labeled PR G represents the timing of the Provo event suggested by Godsey et al. (2005) . The dashed line in (A) between 37 and 20 ka represents a possible lake-level trajectory during the Stansbury Oscillation, which is consistent with the dates of sub-Provo sediments on the Provo platform obtained by Sack (1999) . Vertical gray-shaded rectangles enclose the Gilbert stillstand (Oviatt et al., 2005) , the Provo stillstand as suggested by Godsey et al. (2005) , the Bonneville highstand (Oviatt et al., 1992) , and the Stansbury Oscillation (Oviatt et al., 1992) Blue Lake overflows into shallower pans and, ultimately, into the Great Salt Lake Desert playa. This study included two sediment cores that were collected from the western lobe of the wetland system. The principal sediment core described in this report (BL04-4) comes from a sampling site (GPS coordinates, NAD83 datum, are 11T, 751157 E, 4487472 N) approximately 260 m southwest of Blue Lake. The site, at 1298 m above sea level (m.a.s.l.), consists of a moist, spongy peat vegetated in saltgrass. A second core (BL05-2) was collected 18 m south of BL04-4 on the north side of a small pond. During the formation of the Bonneville, Provo, and Gilbert shorelines, the core sites were covered by, respectively, 286, 176, and 5 m of water.
Sampling was conducted using a modified Livingstone piston corer with a 5-cm-diameter steel core barrel. Use of trade, product, or company name within this paper does not constitute an endorsement by the U.S. Government.
Core BL04-4 was taken manually and consists of nine drives with a total depth of 8.03 m from core top (8.58 cm from ground surface). A 55-cm-thick root plug was removed from the surface to facilitate coring. Core BL05-2 consists of seven drives with a total depth of 5.89 m. Drives were extruded into hard plastic sleeves for transportation to the Desert Research Institute laboratory in Reno, Nevada.
Development of age models
Radiocarbon ( 14 C) ages of the total organic carbon (TOC) fraction of 19 samples from BL04-4 were determined by Beta Analytic (9 samples) and the Center for Accelerator Mass Spectrometry (10 samples) at the Lawrence Livermore National Laboratory (Table 1) . Radiocarbon ages of the TOC fraction of 6 samples from BL05-2 were determined by Beta Analytic (1 sample) and the Center for Accelerator Mass Spectrometry (5 samples) at the University of California-Irvine (Table 2 ). All 14 C ages were calibrated using Calib 6.01 and IntCal09 (Stuiver et al., 2005) . Paleomagnetic studies of BL04-4 and BL05-2 were carried out using u-channel samples. U-channels are columns of sediment, 2 Â 2 cm in cross-section taken from the middle of the split-face of each core segment and encased in plastic tubes. U-channel samples were taken from all core segments of BL04-4 (AeI) and from all segments of BL05-2 (AeH) except segments F (407e412 cm) and H (500e589 cm).
All u-channel paleomagnetic measurements were made using the automated 2G cryogenic magnetometer at the University of California-Davis. All magnetic measurements were made at 1-cm intervals; however, the magnetometer electronics impose a wAE3-cm smoothing of the magnetization at each sampling horizon. This causes the magnetic measurements to appear smoother than if successive 2-cm sediment cubes had been individually measured. However, the u-channel measurements are capable of resolving the paleomagnetic and rock magnetic variability used to correlate and date the Blue Lake sediment cores.
The natural remanent magnetization (NRM) of all u-channels was measured and then step-wise demagnetized in alternating magnetic fields (AF) of 10e60 mT in 10 mT steps and then remeasured. Anhysteretic remanence (ARM; 0.05 mT bias field, 100 mT AF) was then imparted to the u-channels and measured in the same manner as the NRM. Finally, an isothermal remanence (IRM, 1 T) was imparted to the u-channels and measured in the same manner as the NRM and ARM. The initial NRM, ARM, and IRM intensities for the two cores are shown in Supplementary Figs. 1 and 2. The pattern of intensity loss during AF demagnetization of the NRM, ARM, and IRM is illustrated in Supplementary Fig. 3 for twenty horizons in core 04e4, spaced about every 25 cm.
The NRM directional changes with AF demagnetization are small up to 40 mT. This is because NRMs have a stable characteristic remanence that yields coherent NRM directions between 5 and 40 mT. The NRM directions for the two cores are plotted in Figs 
Sample preparation, isotopic, and mineralogical analyses
The BL04-4 core was subsampled continuously at 1-cm intervals from a depth of 186 cm below the ground surface to a depth of 856 cm. Proxy lake-size records were produced for the period 45.1e10.5 ka; therefore, each sample of lake sediment integrates, on average, w50 y of record, assuming a constant sedimentation rate. Given the time span of the studied core (w35 ka), these records are considered to be highly resolved. The upper part of drive E in BL04-4 (3.70e3.90 m) was "slop" (sediment that flowed into the core hole at the base of a drive and that was re-cored during a subsequent drive) generated during the coring process. The data generated from this sediment was not used in this study and that interval was treated as an artificial gap. Prior to isotopic and coulometric analyses, organic carbon was removed from each sample by adding 20 ml of a 50% solution of bleach to a 40-ml centrifuge tube, containing the sediment sample. The bleach was used to remove labile organic carbon compounds that could distort the d 13 C values of the TIC fraction. The sample was shaken and allowed to stand overnight. The sample was centrifuged for 15 min at 20,000 rpm using a Sorval Superspeed RC2B and the supernatant discarded. In order to remove soluble salts, the sample was combined with deionized water, shaken and centrifuged, conductivity of the supernatant measured, and the supernatant discarded. This procedure was repeated until the specific conductivity of the supernatant was <3 times the conductivity value of tap water at the U.S.G.S. Boulder, Colorado laboratory. The sample was then freeze-dried and homogenized. Slurry mounts of 254 powdered samples were prepared on glass slides and analyzed on a Rigaku Multiflex X-ray diffractometer using Cu Ka radiation. All samples were scanned from 20 to 40 2q and 12 samples were scanned from 3 to 60 2q. Identification of minerals and determination of their abundances was based on peak height and peak area relative to background for quartz (26.66 2q), calcite (29.41 2q), dolomite (30.86 2q), and aragonite (27.25 and 33.18 2q). Relative peak height and area proportions were calculated by dividing the peak height/area for each mineral (two peaks/ areas for aragonite) by the sum of all five measured peak heights/ areas. The relative peak proportion (rpp) for each mineral was determined as the average of the relative peak height and relative peak area. Mineral percentages were determined by comparison with prepared standards; e.g., calcite ¼ 0.64 Â rpp (calcite).
The TIC analyses were used to transform the X-ray-based relative abundances of calcite, dolomite, and aragonite into absolute abundances. Samples were analyzed by X-ray diffraction (XRD) between 186 and 287 cm at 20-cm intervals, between 287 and 303 cm at 5-cm intervals, between 303 and 403 cm at 1e2 cm intervals, between 403 and 653 cm at 5-cm intervals, and between 653 and 856 cm at 20-cm intervals. Low-magnesium (Mg) calcites were defined as having 2q values >29.7. All isotopic, chemical, and mineralogical data for BL04-4 samples are listed in Supplementary  Table 1 . 2q values have been listed for BL04-4 samples only.
Sedimentological analyses
The sedimentary analysis is primarily based on observations of a continuous series of u-channel samples from BL04-4. The samples had dried, but they still could be correlated to photographs of the fresh core to provide accurate depth control. Each sediment sample was scraped smooth, using a straight razor, and examined with a zoom stereoscopic microscope up to a magnification of 60Â. Smear-slide samples were collected with a dissecting needle at irregular intervals and were examined with a petrographic microscope at a magnification of 400Â. (Lund, 1996) . The non-italicized numbers (at deeper depths in BL04-04) are inclination or declination features noted and dated in North Atlantic Ocean marine sediments (Lund et al., 2001a,b; see Supplementary Figs. 4 and 5) . 
Results and discussion
The following presents the results of the paleomagnetic, sedimentologic, mineralogic, and chemical studies.
Paleomagnetic secular variation applied to BL04-4 and BL05-2
The inclination and declination variability in the Blue Lake cores are correlated with two different sets of dated PSV records from other parts of North America. The first set (Lund, 1996) is derived from Holocene PSV (0e10 ka) records in North American lakes where 14 inclination features and 17 declination features are identified and dated based on multiple, independent radiocarbondated records (data not illustrated in this paper). The second set ( Supplementary Fig. 4 ) is derived from Late Pleistocene deep-sea PSV records from the North Atlantic Ocean that cover the interval 10e70 ka (Lund et al., 2001a (Lund et al., , 2001b Lund and Keigwin, 1994) . The inclination (I) features are numbered 1e47 and the declination (D) features are numbered 1e49. The data are plotted versus calendar time based on the GISP2 chronology. The tie to the GISP2 chronology was determined using oxygen-isotope data, TIC data, and distinctive sedimentological variability in the deep-sea cores (Johnson et al., 1988; Keigwin and Jones, 1994) .
The paleomagnetic data in Figs. 3 and 4 were tied to the numbered and dated master lake and master deep-sea PSV features using the following procedure. The 14 C dates suggest that Blue Lake has a nearly complete Holocene and Glacial Transition record. A consistent correlation between the master marine and master lake PSV records was found and those matching features have been numbered in Figs. 3 and 4. The numbered features are individual inclination or declination features that are visible in both BL04-4 and BL05-2 and present in the master records. The inclination and declination features occur in consistent stratigraphic order (in all records). On occasion, declination features were present in one Blue Lake core but not the other. These inconsistencies are interpreted to stem from small differences in lithology (e.g., local unconformities), coring-related deformations, and problems with u-channel measurements made near drive boundaries where intensity variability is large. As part of this exercise, the 14 C record was used to estimate the approximate depth interval in the core that should host the Mono Lake and Laschamp excursions. A set of inclination and declination features thought to best fit both excursions were found within the postulated depth intervals. Then a consistent set of PSV features were documented that occur between the Mono Lake Excursion and the Glacial Transition and that occur between the Mono Lake and Laschamp magnetic excursions (Lund et al., 1988 (Lund et al., , 2005 . In Fig. 5 correlatable inclination and declination features normalized to depth in BL04-4 are plotted. The ages of these features are based on correlations between the Blue Lake PSV records and the master lake and deep-sea PSV chronologies. Also plotted in Fig. 5 are the depths and ages of 14 in-stratigraphic-order 14 C dates obtained on BL04-4 (out of order dates were eliminated in this plot but are shown in Supplementary Fig. 5 ). With one exception, the calibrated 14 C ages are in overall agreement with the PSV GISP2-based chronology. The PSV chronostratigraphy, however, exhibits much greater detail in the time-depth sense than the 14 C data alone.
Supplementary Figs. 5 and 6 indicate piecewise-continuous age models for BL04-4 and BL05-2. A linear extrapolation from the oldest PSV-available data point at 42 kae45 ka at 8 m is based on the trajectory of the oldest two calibrated 14 C dates, which span this range ( Supplementary Fig. 5); i.e., the PSV age model was extrapolated parallel to the trajectory of the two 14 C dates. A comparison of the calibrated 14 C data with the PSV age model for BL05-2 indicates that sediments deposited between 17 and 12 ka experienced a great deal of reworking. Core BL05-2 was included in this study because of its relatively high sedimentation rate; i.e., it was hoped that it would reveal a more detailed record of the fall from the Bonneville highstand. However, given complications associated with sediment reworking, further discussion of data obtained on this core is excluded.
Comparison of the carbonate mineralogy, TIC concentration, and d
18 O records from BL04-4 with the outcrop-based lake-level envelope for the period 45e10 ka
With respect to carbonate mineralogy, the transition from lowMg calcite to high-Mg calcite and from high-Mg calcite to aragonite is interpreted as reflecting a progressive increase in lake salinity and magnesium (Mg) concentration (see, e.g., Stanley et al., 2002 and references therein), which, therefore, reflects a reduction in lake volume.
In a relatively simple hydrologic system, TIC also can be used to estimate lake size; i.e., in a hydrologically closed system, the relative concentration of TIC should decrease as lake size increases. This is because in many Great Basin surface-water systems the flux of siliciclastic material to a lake is an exponential function of discharge, whereas the flux of Ca 2þ (which combines with CO 3 2À to form CaCO 3 a major component of TIC) to the lake is a linear function of discharge . In a hydrologically closed lake, TIC will tend to decrease with increasing lake volume and should rapidly decrease when the lake overflows (see, e.g., Benson and Thompson, 1987: p. 671 rate of overflow and, therefore, a decreasing level of isotopic fractionation via evaporation (see, e.g., .
The Blue Lake core site (Fig. 1) in the Bonneville Basin has the advantage of being distant from past sources of glacial sediment. This implies that the Blue Lake TIC record should not have been strongly affected by the introduction of glacial rock flour that occurred during the past extensive glaciations of the Wasatch and Uinta Mountains which are on the eastern side of the basin. Fig. 2A shows the lake-level envelope constructed for Lake Bonneville based on data from Oviatt et al. (1992) . The dashed line labeled PR O indicates the decline in Lake Bonneville from the Provo shoreline suggested by Oviatt (1997) , whereas the dashed line labeled PR G represents the extended occupation of the Provo shoreline suggested by data assembled by Godsey et al. (2005) .
Also shown in Fig. 2 are four proxies of lake size: weight-fraction calcite (Fig. 2B) , weight-fraction aragonite (Fig. 2C) , TIC (as %C) (Fig. 2D) , and d
18 O (Fig. 2E) . During the Stansbury Oscillation there were two maxima in TIC and d
18 O at 25 and 24 ka (Fig. 2D, E (Fig. 2D , E) are interpreted to indicate the time that Lake Bonneville began to overflow. Oxygen-isotope minima between 18.5 and 17.0 ka indicate rapid overflow of Lake Bonneville (Fig. 2E) . Between w23 ka and the beginning of Bonneville overflow at 18.5 ka, the calcite fraction (Fig. 2B ) increased at the expense of aragonite (Fig. 2C) , which indicates a lake that was increasing in volume, becoming more dilute. A rapid decrease in TIC (Fig. 2D) , a minimum in d
18 O (Fig. 2E) , and the initiation of low-Mg calcite precipitation (Fig. 2B ) at 17.0 ka, together indicate the fall of Lake Bonneville to the Provo level and its subsequent rapid spill at that level. At 15.9 ka low-mg calcite precipitation ceases (Fig. 2B) , TIC precipitation increases (Fig. 2D) , and d
18 O values sharply increase (Fig. 2E ). This suggests a brief oscillation of the lake beneath the Provo level, followed by a decreased rate of spill across the Provo threshold.
Between 15.2 and 14.7 ka, calcite decreased (with low-Mg calcite giving way to high-Mg calcite), aragonite increased, TIC increased, and d
18 O values increased sharply, indicating a fall from the Provo level and a return to closed-basin conditions (Fig. 2BeE) .
The core-based timing of the Bonneville highstand and Provo events is not totally compatible with the lake-level envelope created by Oviatt et al. (1992) and (or) modified by Godsey et al. (2005) . In particular, the termination of the Provo event at w15.2 ka falls between both the Oviatt and Godsey models (Fig. 2) . However, the timing of the fall from the Provo level is consistent with the findings of Hart et al. (2004) (Fig. 2BeE) . These parameters plateaued between 13.1 and 11.6 ka at values indicating the existence of a relatively large body of water; i.e., the Gilbert Lake. The fall from the Gilbert shoreline, indicated by rapid increases in aragonite, TIC, and d
18 O and a decrease in calcite appears to have occurred at 11.5 ka.
There are abrupt decreases in calcite, TIC, and d
18 O at 10.5 ka.
The authors suggest that this was not related to Lake Bonneville, which by this time had retreated from the core site. Instead, this represents a period of low-Mg calcite precipitation from groundwater spring discharge at the Blue Lake marsh site. The existence of a marsh environment at the core site between 11.5e10.3 ka is supported by the existence of water-laid sediments composed of bioturbated aragonite mud in the bottom part of the interval that were deposited in a wet marsh environment. As pointed out in Section 5.4 below, the top of the 11.5e10.3 ka interval contains roots and other soil features that are also indicative of a marsh environment. Thus, a deep lake interpretation for the low d
18 O values at 10.5 ka can be ruled out.
Environmental sedimentology of BL04-4
Fig. 6 depicts the sedimentology and smear-slide mineralogy of BL04-4. The desiccated condition of the core made it difficult to obtain samples that contained only one form of carbonate; i.e., almost every slide contained a mixture of calcite and aragonite. Therefore, the carbonate mineralogy indicated in Fig. 6 represents the dominant carbonate phase within a particular sedimentary interval. Supplementary Table 2 lists generalized descriptions of the sedimentary intervals in BL04-4 as well as interpretations of their environmental setting.
Core BL04-4 possesses seven sediment groupings: peat with silt, calcite with woody stems, burrowed calcite with pebbles and sand, laminated carbonate mud, pelleted aragonite mud with calcite laminae, burrowed aragonite mud, and aragonite mud with sand beds composed of quartz and pellets.
Peat containing silt beds dominate the upper part of the core. The peat beds contain carbonaceous roots and hollow, woody plant stems. The peat intervals likely formed under environmental conditions similar to those occurring in the modern Blue Lake marsh.
The calcite-with-woody-stems grouping occurs interbedded with the peat and also can be found between 329 and 288 cm (15.64e11.53 ka) in the core. This grouping commonly contains abundant diatoms and ostracodes as well as carbonaceous root casts. Snails are also abundant in some parts of this grouping. The woody stems are very similar to those found within the peat fabric. This grouping may represent spring-fed pools or the shallow margin of a calcite-precipitating lake whose sediments were later penetrated by the roots of plants growing in a marsh environment.
Burrowed, calcite-rich units contain "floating" pebbles and sandto granule-sized quartz. Ostracodes are present in some places and diatoms are often present but not abundant. This grouping is interpreted to indicate a well-mixed lake from which calcite precipitated. The quartz pebbles and sands were probably delivered from ice cover or via ice rafting and make up 1e2% of the sediment.
The laminated carbonate mud is mostly composed of aragonite. Flat layers of silt or very-fine sand, overlain by carbonate mud comprise the most common laminae. A laminated calcite mud occurs between 362 and 350 cm (18.64e16.78 ka), and laminated aragonitic mud occurs between 443 and 422 cm (24.86e23.25 ka), between 718 and 694 cm (41.90e40.57 ka), and between 803 and 790 cm (45.13e44.62 ka). These intervals were deposited in a lake that received intermittent fluxes of coarser sediment, and the layering may represent a flushing of streams that entered the lake. The dearth of bioturbation within the laminated aragonite mud may indicate stratified lake conditions or rapid sedimentation. Between 499 and 456 cm (31.36e26.63 ka), some of the thinnest laminae, consisting of aragonite mud alternating with organic material, occur. These laminae may represent chemical precipitation from the epilimnion of a stratified lake, which alternate with algal material.
Pelleted aragonite mud contains well-rounded, ovate clumps of aragonite that are 1e2 mm in length and <1 mm in diameter. The most common occurrence of this grouping occurs as irregularshaped aragonitic laminae, containing abundant "floating" pellets which alternate with aragonite mud containing few or no pellets. Dark-gray calcitic mud forms irregular 0.5-to 2.0-cm-thick layers within this grouping. The layering within this grouping is interpreted to indicate the deposition of brine shrimp pellets followed by intermittent wave resuspension of fine-grained sediment, which concentrated the pellets. The presence of brine shrimp suggests that the lake was fairly saline. Bioturbation is generally subdued and restricted to bedding planes, which may indicate the existence of a stratified lake with anoxic lake-bottom sediments. The formation of calcite layers is interpreted to result from periods of fresh-water influx, which diluted the lake's epilimnion. Pebbles, quartz sand, and granules occur within pelleted aragonite laminae between 759 and 742 cm (43.45e42.81 ka), suggesting the presence of ice cover or ice rafting. Burrowed (bioturbated) aragonitic mud lacking layers is found throughout several intervals within the core. Some of the massive aragonite mud contains pellets (607e594 cm, 764e759 cm) (38.38e 38.07 ka, 43.68e43.45 ka) and some contains scattered quartz sand (694e685 cm, 712e708 cm) (40.57e40.13 ka, 41.68e41.53 ka) or quartz silt (790e768 cm) (44.62e43.79 ka). In all cases, the aragonite mud is interpreted to have been deposited in a fully oxygenated lake, which allowed burrowing organisms to feed at the lake bottom. Sedimentary intervals which contain pellets indicate elevated lake salinity. Aragonite mud with layers of siliciclastic sand is sometimes found mixed with aragonite pellets. The sand layers have sharp, flat bases and abrupt caps, and some of the layers are lenticular in shape. Two layers at 288e270 cm (11.53e10.60 ka) and at 638e621 cm (38.91e38.64 ka) contain very coarse sand, pebbles, and abundant mud intraclasts. Both of these layers are graded. The sand layers are interpreted to have resulted from waves generated during storms, and the graded layers were deposited with near-shore transgressive gravels.
Interpretation of the Blue Lake 04-4 sedimentary sequence is somewhat difficult due to the desiccation of the core and the small diameter of the u-channel. The mixture of calcite and aragonite in most smear-slide samples can be interpreted as evidence of reworking of older deposits throughout the history of deposition. Alternatively, the mixture may simply reflect the "dragging" of one layer's mineralogy to another layer, during the surface-cleaning (scraping) process. In any case, there is a good fidelity between mineralogy and sedimentary fabric, suggesting that the mixing has not masked the primary depositional signal.
There is one depth at which an erosional gap exists; i.e., at the base of the pelleted sand at 288 cm (11.53 ka). The radical change in mineralogy and depositional style, as well as the occurrence of mud intraclasts in the sand, indicate erosion. These fabrics are interpreted to indicate the subaerial exposure of lake sediment followed by the formation of a shallow aragonite-precipitating water body over older calcite-precipitating lake sediment. Other sandy intervals within the core probably indicate some loss of material, but at a very local scale.
Comparison of the BL04-4 d
O record with its sedimentological record
The following is a condensed lake history extracted from observed sedimentary fabrics in BL04-4 (see Fig. 6 and Supplementary Table 2) 1. 803e764 cm (45.1e43.7 ka) e A lamination-producing deep lake shallowed to a bioturbated shallow lake; waves then reworked the brine shrimp pellets deposited in the shallow lake. 2. 764e737 cm (43.7e42.7 ka) eThe lake became progressively deeper and fresher, recorded by the transition from a bioturbated, pelleted aragonite to a laminated, pelleted aragonitecontaining calcite interbeds, followed by the deposition of a calcite mud. Ice-forming conditions prevailed through the younger part of this sequence. 3. 737e685 cm (42.7e40.1 ka) e The laminated pelleted aragonite mud at the base of this interval indicates an abrupt decrease in lake size. The lake gradually became deeper, leading to deposition of a laminated aragonite mud. The bioturbated aragonite mud indicates a decrease in lake-size followed by an increase in lake level indicated by a return to deposition of laminated sediment. 4. 685e642 cm (40.1e39.0 ka) e The lake fell rapidly, depositing a pelleted aragonite that was wave-reworked. The lake then deepened gradually, first depositing a laminated, pelleted aragonite, then depositing a thinly laminated aragonite, which also contains sand laminae.
5. 642e627 cm (39.0e38.7 ka) e Lake-level fell, and a wavereworked, pelleted aragonite was deposited. 6. 627e594 cm (38.7e38.1 ka) e A rising-lake sequence from a pellet-rich sand to bioturbated, pelleted aragonite mud. 7. 594e507 cm (38.1e32.5 ka) e A rising-lake sequence, starting with a wave-reworked, pelleted aragonite formed in a shallow lake and then transitioned to a laminated, pelleted aragonite that formed in a deep lake. At the top of this interval, there is laminated aragonite mud and a calcite mud with drop stones that indicate relatively high lake levels. 8. 507e497 cm (32.5e31.1 ka) e The lake fell, depositing pelleted aragonite and then rose, indicated by precipitation of calcite which contains ice-related drop stones. 9. 497e470 cm (31.1e28.2 ka) e The lake became more saline, depositing aragonite. It then became stratified, producing an organic laminate. A turbidite near the top of the interval was created by wave reworking of older, higher-elevation deposits. 10. 470e456 cm (28.2e26.6 ka) e The lake transgressed and dropstone-containing calcite was precipitated. A rapid drop of lake level then occurred with the consequent formation of an organic laminate. 11. 456e422 cm (26.6e23.4 ka) e First, a rise in lake level occurred and a drop-stone-containing calcite precipitated from the deep lake; lake level then fell and a laminated aragonite was deposited, possibly from a stratified lake. 12. 422e329 cm (23.4e15.6 ka) e A thick interval of calcite containing drop stones was precipitated from a deep lake. The laminated calcite interval between 362 and 350 cm (18.6e17.0 ka) indicates a very deep lake. 13. 329e288 cm (15.6e11.5 ka) e These sediments contain a falling lake sequence. There are beds of shells which indicate wave reworking or they may indicate wave-generated turbidites. Towards the top of this interval, the presence of roots and woody stems suggests a shallow, lake-margin environment. 14. 288e258 cm (11.5e10.3 ka) e This interval indicates water-laid sediments that were deposited after subaerial exposure at 288 cm. The water-laid sediments are composed of bioturbated aragonite mud possibly deposited in a wet marsh environment. The top of the interval contains roots and other soil features that indicative of a marsh environment. 15. 258e0 cm (10.3e1.0 ka) e These are fresh-water marsh deposits with the organic-poor intervals indicating pools of standing water. There is a volcanic ash at 204 cm that is thoroughly mixed with sediment. Louderback and Rhode (2009) have suggested that this volcanic ash is the Mazama tephra.
Interpretations of relative changes in Lake Bonneville levels from the sediment fabric study are largely in agreement with the d 18 O record of lake-level change (Fig. 2E) . Of the 15 changes in the lake's hydrologic state suggested above, 12 (all but 2, 7, and 13) are in full agreement with the d 18 O proxy lake-level record. In addition, the Stansbury Oscillation(s) (26.0e23.0 ka) is indicated by a lakelevel oscillation in the sedimentary record (4.51e4.14 m); the Bonneville highstand which is thought to have started at 18.5 ka is signaled by the initiation of laminated calcite precipitation (3.6 m); the fall from the highstand at 17.0 ka to the Provo level is indicated by termination of laminated calcite precipitation (3.5 m); the fall from the Provo level beginning at w15.2 ka is indicated by a layer of sand and shells (3.24 m) that probably represent deposition of wave-formed turbidites that occurred during a fall in lake level. The fall from the Gilbert level at 11.6 ka, is evidenced by an erosional surface and root penetration of Gilbert sediments subsequent to subaerial exposure (2.88 m). However, the rise in lake level prior to the Gilbert is not clearly indicated in the sedimentary record.
When Lake Bonneville was at the Gilbert level, only 5 m of water covered the core site (elevation ¼ 1298 m). Oviatt et al. (2005) have indicated that Lake Bonneville would have declined from the Provo level to an elevation w11 m below the subsequent Gilbert level. This suggests that Lake Bonneville should have fallen below the Blue Lake site sometime between 14.7 and 13.1 ka (in BL04-4). As BL04-4 sediments do not indicate subaerial exposure of the site during the 3.22-to 3.06-m depth interval (Fig. 6) , it is suggested that the site was covered by a wet marsh within which was deposited the carbonaceous roots and woody stems typical of this sedimentary interval (Fig. 6) . The aragonitic lake sediments that post-date this sequence may have been deposited in a shallow lake that locally occupied the Bonneville Desert. 18 O, d
13 C, and aragonite). The Bølling-Allerød warm interval (14.7e13.3 ka) is characterized by very low lake levels that increase irregularly over time, reaching a maximum during the Gilbert event (Younger Dryas cold interval: 12.9e11.6 ka). During the early part of the Holocene (11.6e10.5 ka), lake level was very low and it is not clear whether Lake Bonneville was present at the core site or whether a localized body of water existed there. In any case, the withdrawal of Lake Bonneville from the Blue Lake area occurred on or before w10.5 ka, and the existence of a spring-fed marsh was signaled by the initial production of calcite with d
18 O values that are much more depleted than pre-Provo values. O record (A). BØA refers to the Bølling/Allerød interval; YD refers to the Younger Dryas interval, PBO refers to the Pre-Boreal Oscillation, and" I" with a black dot refers to the Inter-Allerød cool period. Circled numbers in (A) refer to DO interstadials and H refers to Heinrich events. Gilbert stillstand, Provo stillstand, Bonneville highstand and Stansbury Oscillation denoted by solid black rectangles are labeled, respectively, GI, PR, HS, and ST. The timings of the hydrologic events were taken from the lake-size proxy records. The "early Provo" interval enclosed in the dotted rectangle is based on calibrated dates from sub-Provo sediments obtained by Sack (1999) the Pre-Boreal oscillation (PBO). The durations of the North Atlantic climatic phenomena are shown as shaded rectangles. The timing of the Gilbert (GI) event, Provo (PR) event, the Bonneville highstand (HS) and the Stansbury Oscillation(s) (ST), as defined by new data introduced in this paper, are shown as black rectangular bars (Fig. 8C ). In addition, an "early Provo" interval based on calibrated dates from sub-Provo sediments (Sack, 1999) record, suggesting the possibility that DO-scale variability in North Atlantic temperatures and eastern Great Basin precipitation were linked; i.e., 11 DO events occur are associated with relatively wet periods in the Bonneville Basin. The three lake-size proxy records (Fig. 8BeD) indicate that H2, H3, and H4 occurred during periods of relative aridity, and H2 appears to occur during the last of the Stansbury Oscillations. It is not clear whether H1 is associated with a relatively dry period, because H1 occurs during the Provo event, and relative spill rates over that time period are unknown. However, at 15.9 ka low-mg calcite precipitation ceases, TIC precipitation increases, and d
18 O values sharply increase (Fig. 2) , suggesting a brief oscillation of lake level beneath the Provo at nearly the same time as H1 (15.8 ka). Heinrich events were associated with wetedry transitions in BL04-4, suggesting that either the warming associated with the recovery from a Heinrich event increased the evaporation rate of Lake Bonneville and (or) that the core of the polar jet stream (PJS) shifted north of the Bonneville Basin in response to Heinrich events. (Fig. 8A, D) , and, arguably, the two records can also be correlated between 37 and 27 ka. In addition, the overall cold condition that existed between H2 and H1 in the North Atlantic is associated with a wet oscillation in the BL04-4 records.
There is little correlation between the GISP2 d 18 O record between 21 and 15 ka. This was the time when the Laurentide Ice Sheet was large and when the Bonneville Basin was very wet. However, there appears to be no relation between GISP2 air temperature variability and Great Basin wetness, probably because GISP2 air temperatures were not reflecting changes in ice volume or North Atlantic circulation patterns as temperature did during previous H and DO events.
The fall of Lake Bonneville from the Provo level occurred during the Oldest Dryas interval and the fall of Lake Bonneville from the Gilbert level occurred at the termination of the Younger Dryas interval. The low lake interval that follows the Gilbert event is associated with the Pre-Boreal Oscillation (PBO). Thus, many oscillations in the hydrologic balance of Lake Bonneville appear related to oscillations in North Atlantic air temperature.
5.6. Change in LIS shape during Heinrich events and their effect on Bonneville lake levels Dyke et al. (2002) have suggested that H1 "probably drew down the entire central ice surface" which was positioned over Hudson Bay. Such a change in topography should have affected the windfield, including the trajectory of the PJS, in agreement with the hypothesis of Wunsch (2006) . Recent estimates of sea-level change during H4 (Chappell, 2002; Roche et al., 2004) yield some insight into how much ice is lost from the LIS during a Heinrich event; unfortunately, the studies yielded very different estimates of sealevel change and the absolute increase in sea level due to a Heinrich event remains a subject of debate. Chappell (2002) calculated that 10e15 m increases in sea level occurred during H4. Clark et al. (2007) recently modeled the response of sea level to changes in the mass balance of Northern Hemisphere ice sheets forced by variable Atlantic and Pacific sea-surface temperatures. These simulations, which indicate that H4 was accompanied by 17 m of sea-level rise, support the work of Chappell (2002) . Bintanja et al. (2005) has calculated the amount of water stored in the LIS during the past 1.2 Ma. The amount of water stored in the LIS just prior to H1, H2, and H4 and estimates of sea level change, ranging from 2 to 15 m, were used to calculate the percentage of LIS ice transported to the North Atlantic during a Heinrich event, assuming all the ice came from the LIS. The calculations indicate values ranging from 3 to 38% of the total mass of the LIS (Table 3) . Accepting the calculations of Chappell (2002) and Clark et al. (2007) , a large percentage of the LIS appears to have been lost to the North Atlantic during Heinrich events and the resulting change in the size and shape of the LIS may have influenced the positioning of the PJS over the western United States.
Late Wisconsin glaciations of the Uinta and Wasatch mountains and their relation to Bonneville lake levels
Well-constrained cosmogenic surface-exposure Beryllium-10 ( 10 Be) ages for two Last Glacial Maximum (LGM) moraines (Lake Fork 1, Lake Fork 2) in the southwestern Uinta Mountains have ranges, respectively, of 17.1 AE 1.5e19.9 AE 2.0 ka and 16.5 AE 1.5e18.4 AE 1.9 ka and means, respectively, of 18.4 AE 1.1 ka and 17.2 AE 0.7 ka (Munroe et al., 2006) . All 10 Be ages used in this paper have been calculated using a production rate of 4.98 atoms g SiO 2 /yr and have been labeled ka. Munroe et al. (2006) used this data to suggest that deglaciation of the southwestern Uinta Mountains began at 17.2 AE 0.7 ka. In the western Uinta Mountains, surface-exposure ( 10 Be) ages for two moraines (Manor Lands, Proximal Ridge) yield ranges, respectively, of 16.3 AE 1.8e18.5 AE 2.2 ka and 17.1 AE 1.6e19.2 AE 1.7 ka and means, respectively, of 17.1 AE 0.7 ka and 18.5 AE 0.7 ka (Laabs et al., 2007) , also suggesting the beginning of glacial contraction at w17 ka. Elevated values of hard isothermal remanent magnetization (HIRM) from Bear Lake, Utah (which drained the western Uinta ice field), have been interpreted to indicate glacial activity in the Uinta Mountains between 32 and 17 ka, with the maximum extent of the Bear River glacier occurring at 25 ka (Rosenbaum, 2005) . Laabs et al. (2007) suggest that the cosmogenic surface-exposure ages of the two western Uinta moraines and the glacial-proxy data from Bear Lake together indicate that the glaciation of the western Uintas remained at a near-maximum state between 25 and w18.7/18.1 ka.
Cosmogenic 10 Be surface-exposure ages of moraines deposited after the Bonneville flood, downvalley from the mouths of Little Cottonwood and Bells canyons on the western flank of the Wasatch, have ages ranging from 16.9 AE 0.4 to 15.2 AE 0.4 ka with a mean age of 15.9 AE 0.7 ka (Lips et al., 2005) . Lips (personal communication, 2007) has suggested that the relatively young ages of these moraines are due to lake-effect precipitation generated by Lake Bonneville. During storms, the Wasatch Mountains acted as an (Fig. 8) . The Uinta and western Uinta Mountain glaciers began to recede at about the time Lake Bonneville fell to the Provo level (w17 ka) and the Wasatch Mountain glaciers achieved their maximum extent by the end of the Provo event (15.2 ka) (Fig. 8) . Given that alpine glacial extent is correlated with lake surface area, the size of the alpine glaciers was, to a large extent, governed by "lake-effect" moisture. This concept is consistent with the modeling results of Hostetler and Giorgi (1992) and Hostetler et al. (1994) .
Summary and conclusions
High-resolution records of lake-size variability presented in this paper are in general but not specific agreement with the Lake Bonneville time-elevation envelope developed by Oviatt et al. (1992) (Fig. 2A) (Table 4) . The lake-level envelope has the advantage of providing a measure of minimum lake elevation over time whereas the Blue Lake core climate-proxy records have the advantage of providing nearly continuous to continuous records of relative lake-size change. The carbon-based parts of the lake-level envelope have issues when it comes to reservoir effect; in addition, some of the carbonate samples used to create the lake-level record may have become contaminated with modern carbon during subaerial exposure. The sediment-based records of change in hydrologic balance sometimes include sporadic inputs of older reworked sediment whose isotopic, mineralogical, and chemical signatures dilute the autochthonous record. Oscillation as a pair of oscillations (Fig. 2D, E) . In the climate-proxy records, H2 occurs during the last Stansbury Oscillation (Fig. 8C, D) .
The Bonneville highstand is represented by the decreases in d 18 O and TIC that began at 18.5 ka (Fig. 2B, D) . Incision of the Bonneville Basin began at 17.0 ka and Lake Bonneville occupied the Provo level between 17.0 and 15.2 ka, with the fall from the Provo level occurring between 15.2 and 14.7 ka during the Oldest Dryas interval. In addition, the Gilbert wet event appears to coincide with the Younger Dryas cold interval (12.9e11.6 ka).
The apparent connection between Greenland air temperatures and eastern Great Basin wetness appears to change over time.
Between 45 and 15 ka, wet events in the Bonneville Basin are associated with warm events in the North Atlantic; and relatively dry periods in the Bonneville Basin are associated with cold events in the North Atlantic however, after 15 ka, the Gilbert wet event in the Bonneville Basin was associated with a North Atlantic cold interval e the Younger Dryas event.
Sediment from the Bear River glacier in the western Uinta Mountains reached Bear Lake w32 ka, indicating the onset of glaciation. This glacier advanced until 24 ka when it reached its maximum extent. Surface-exposure ages of boulders deposited by the Bear River glacier and boulders deposited by glaciers in the southwestern Uinta Mountains indicate that glacial retreat could have begun as late as 17 ka (Munroe et al., 2006; Laabs et al., 2007) . Of particular interest is the fact that the growth of the Bear River glacier between 32 and 17 ka paralleled changes in the values of proxy indicators of Bonneville Basin wetness (Fig. 8) and that terminal moraines on the western side of the Wasatch Mountains have ages ranging from 16.9 to 15.2 ka. This suggests a near synchroneity of change in the hydrologic and cryologic balances occurring in the Bonneville drainage system and that glacial extent was linked to lake size. This reinforces suggestions by Munroe et al. (2006) and Laabs et al. (2007) that Lake Bonneville acted as a moisture source for glaciers in the downwind mountains. Oviatt (1997) .
